Fetal exposure to endocrine disruptors (EDs) is believed to predispose males to reproductive abnormalities. Although males are exposed to combinations of chemicals, few studies have evaluated the effects of ED mixtures at environmentally relevant doses. Our previous work showed that fetal exposure to a mixture of the phytoestrogen genistein (GEN) and the plasticizer di-(2-ethylhexyl) phthalate (DEHP) induced unique alterations in adult testis. In this follow-up study, we examined Postnatal Day 3 (PND3) and PND6 male offspring exposed from Gestational Day 14 to parturition to corn oil, 10mg/kg GEN, DEHP, or their combination, to gain insight into the early molecular events driving long-term alterations. DEHP stimulated the mRNA and protein expression of the steroidogenic enzyme HSD3B, uniquely at PND3. DEHP also increased the mRNA expression of Nestin, a Leydig progenitor/Sertoli cell marker, and markers of Sertoli cell (Wt1), gonocyte (Plzf, Foxo1), and proliferation (Pcna) at PND3, while these genes were unchanged by the mixture. Redox (Nqo1, Sod2, Sod3, Trx, Gst, Cat) and xenobiotic transporter (Abcb1b, Abcg2) gene expression was also increased by DEHP at PND3, while attenuated when combined with GEN, suggesting the involvement of cellular stress in short-term DEHP effects and a protective effect of GEN. The direct effects of GEN and mono-(2-ethylhexyl) phthalate, the principal bioactive metabolite of DEHP, on testis were investigated in PND3 organ cultures, showing a stimulatory effect of 10 lM mono-(2-ethylhexyl) phthalate on basal testosterone production that was normalized by GEN. These effects contrasted with previous reports of androgen suppression and decreased gene expression in perinatal rat testis by high DEHP doses, implying that neonatal effects are not predictive of adult effects. We propose that GEN, through an antioxidant action, normalizes reactive oxygen species-induced neonatal effects of DEHP. The notion that these EDs do not follow classical dose-response effects and involve different mechanisms of toxicity from perinatal ages to adulthood highlights the importance of assessing impacts across a range of doses and ages.
INTRODUCTION
The developmental origins of disease hypothesis states that adverse events or influences early in life can lead to permanent changes in physiology and predispose adults to disease [1, 2] . In that regard, fetal and neonatal exposure to endocrine disruptors (EDs) is thought to contribute to reported declines in male reproductive potential and increased incidence of developmental abnormalities such as testicular cancer and genital birth defects. A concerning 15% of couples have primary infertility, up to half of which can be attributed solely to male cause, and an estimated 40% of men are currently presenting sperm counts in the subfertile range [3, 4] . Evidence suggests that semen quantity and quality have been decreasing steadily since early 19th century, alongside increasing incidence of cryptorchidism and hypospadias, now affecting 2%-9% and 0.2%-1% of male newborns, respectively [5] . These aberrations, collectively termed testicular dysgenesis syndrome, have shared risk factors and are thought to arise from alterations in fetal androgen levels, androgen/estrogen balance or hormone action, and impaired development and reprogramming of progenitors during a developmentally sensitive fetal and neonatal window [3, [5] [6] [7] [8] [9] [10] [11] [12] .
Following SRY-induced sex determination of the fetus, somatic cells proliferate and differentiate to form supporting Sertoli and steroidogenic Leydig cells and an environment suitable for fetal primordial germ cells. Fetal Sertoli and Leydig cells play a fundamental role in generating hormones required for differentiation of the urogenital tract and testis decent, including androgens, anti-Mullerian hormone (AMH), and insulinlike growth factor 3 (INSL3) [13] . Once in the interstitium of the gonad primordia, germ cells, now termed gonocytes, undergo active DNA remethylation and establishment of new paternal imprints prior to forming a critical pool of renewable spermatogonial stem cells that will support spermatogenesis throughout adulthood [14] [15] [16] [17] . Spermatogen-esis is regulated by factors produced by Sertoli cells, themselves dependent on the gonadotropin FSH and on Leydig cell-produced testosterone (T). Interestingly, adult Leydig cells are not derived from fetal Leydig cells, but rather from neonatal mesenchymal precursors [18, 19] . It is therefore thought that affecting the pool of stem Leydig precursors, either directly or indirectly by altering the fetal testis environment, can ultimately impair adult Leydig development and function.
The default developmental program of the fetus is female and largely hormone independent, whereas hormone production is absolutely necessary for masculinization [20] . The masculinization programming window is driven principally by fetal Leydig T production, and in humans, it begins at 8 wk gestation, peaks around 12-14 wk, and steadily declines after 20 wk [21] . Correspondingly, well-established rat developmental models have an equivalent window with T production starting at Gestational Day (GD) 14.5-15.5, peaking around GD18. 5-19.5 , and declining shortly after parturition [21] . Thus, the hormonal dependence and developmental intricacy of the fetal period, in combination with a comparatively permeable fetal skin surface, minimal detoxifying capacity, and lack of blood-testis barrier, make the developing male gonads particularly sensitive to EDs capable of crossing the placenta [5, 9, 10, 20] . Interestingly, several common environmental pollutants, including derivatives of paints, plastics, and resins as well as natural soy derived phytoestrogens, have been detected in amniotic fluid, cord blood, breast milk, and semen, and have also been shown to possess antiandrogenic or estrogenic properties [22] [23] [24] [25] [26] .
Although EDs have been extensively studied in the context of single high-dose chemical exposures, few studies have examined the additive or synergistic effects of ED coexposure during critical periods of development. In reality, humans and animals are exposed not to one, but a myriad of potentially harmful substances throughout their lifetimes. Previous work from our laboratory demonstrated that environmentally relevant in utero coexposure to two common EDs, the plant derived phytoestrogen, genistein (GEN), found in soy-based infant formula and antiandrogenic plasticizer, di-(2-ethylhexyl) phthalate (DEHP), primarily used in the production of polyvinyl chloride plastics, can induce alterations in testis development different or potentially more harmful than exposure to a single chemical at the same dose [27] . GEN is reported to have broad biochemical interactions, including estrogenicity, peroxisome proliferator-activated receptor (PPAR) activation, direct or indirect antioxidant action, and modulation of important signaling molecules and DNA methylation [28] [29] [30] . DEHP or its principal bioactive metabolite, mono-(2-ethylhexyl) phthalate (MEHP), has been demonstrated to act as an antiandrogen via PPARs and alters DNA methylation status and estradiol-regulated proteins [31] [32] [33] [34] .
The current follow-up study was conducted to evaluate GEN and DEHP acute toxicity in early postnatal animals and gain insight into the early cellular and molecular events driving long-term changes. We hypothesized that early postnatal hormonal alterations and reproductive toxicity of this ED mixture would correlate with or at least clarify the roots of the long-term effects and that the mixture would pose a greater risk than individual compounds. A combination of in vivo, ex vivo, and in vitro approaches in rat, however, demonstrated that these EDs do not follow classical dose-response effects and involve different mechanisms of toxicity from perinatal ages to adulthood.
MATERIALS AND METHODS

Treatments and Tissue Collection
Pregnant Sprague Dawley rats were purchased from Charles River Laboratories and kept on a 12L:12D photoperiod with ad libitum access to food and water. To address early life alterations in testis development and function, pregnant Sprague Dawley rats were treated from GD14 to parturition by gavage with either control corn oil or corn oil þ GEN, DEHP, or GEN þ DEHP, both used at a dose of 10 mg/kg, a dose within the range of human exposure. This dose was selected from previous dose-response studies in which we had examined the short-and long-term effects of in utero exposure to GEN or DEHP used separately [35] [36] [37] [38] [39] . These studies had shown that a fetal exposure to 10 mg/kg/day GEN did not induce changes in circulating T nor germ cell numbers in adult rats [37] , while long-term effects of DEHP were seen at much higher doses [35, 36] .
Gestationally treated male offspring were raised on a normal diet to defined ages, euthanized, and analyzed. Treatment doses were adjusted according to changes in dam weights. Male offspring were euthanized at specific postnatal ages to evaluate testis function and development, including fetal Leydig activity and the initiation of gonocyte proliferation/migration on Postnatal Day 3 (PND3) and differentiation to form a critical pool of spermatogonial stem cells (PND6) following in utero exposure. Testes were collected, weighed, and either snap frozen and fixed in paraformaldehyde or dissected for organotypic cultures (each end-point was determined using randomly selected offspring of four dams [N] per treatment, where N is defined as the number of offspring from independent litters). Animals were handled according to protocols approved by the McGill University Animal Care and Use Committee.
RNA Extraction and Quantitative Real-Time PCR
Testis RNA was extracted using QIAGEN RNeasy Plus Mini kit (Qiagen). Complementary DNA was synthesized from isolated RNA using the singlestrand cDNA transcriptor synthesis kit (Roche Diagnostics). Quantitative realtime PCR (qPCR) was performed as previously described using the LightCycler 480 Real-Time PCR System (LC480; Roche Diagnostics) [40] . Alpha tubulin was used as an endogenous control and for normalization of gene targets. A minimum of three male offspring from different litters were evaluated in triplicate. The comparative Ct method was used to calculate relative expression. Data are represented as mean relative mRNA expression in arbitrary units. Complete primer sequences for all gene targets can be found in Table 1 .
Histology, Hematoxylin and Eosin Staining, and Immunohistochemistry
Testis from male offspring were fixed in 4% paraformaldehyde and embedded in paraffin. Sections (4 lm) were stained with hematoxylin and eosin or used for immunohistochemical analysis as previously described [37] . Briefly, tissue sections were dewaxed and rehydrated, followed by antigen retrieval using a DAKO solution (code #S1699). Primary antibodies, HSD3B (ab65156; Abcam) and NQO1 (ab28947; Abcam), were incubated at 1:300 and 1:100 dilutions, respectively, overnight at 48C and revealed using speciesappropriate secondary antibodies (mouse or rabbit), horseradish peroxidase colorimetry using the horseradish peroxidase chromogen 3-amino-9-ethylcarbazole, and hematoxylin counterstaining. Representative images are shown. For quantification, digital images of stained sections were loaded into ImageJ analysis software and RGB stacks/montages were generated (n ! 3). Uniquely for HSD3B quantification, seminiferous tubules were manually removed using the cut feature, leaving on the interstitium. The threshold feature was adjusted to specifically identify positive red/brown immunostaining. Once set, identical settings were used for all the images quantified. Percent of positive staining relative to total area was calculated using the measure feature and subsequently expressed in terms of fold change over control.
Ex Vivo and In Vitro Testis Organ Culture
Ex vivo organ culture of PND3 testis was performed to evaluate basal and hormone-stimulated androgen production following in utero exposure as reported previously [35] . Briefly, PND3 testes were excised and cut into 8-10 small fragments, placed on filter papers and cultured on trans-well inserts in normal Dulbecco-modified Eagle medium (GIBCO by Life Technologies) or Dulbecco-modified Eagle medium þ hCG for 3 days. Supernatant containing steroids was collected daily and replenished with new medium. Testosterone levels in supernatant were measured by radioimmunoassay (RIA), expressed in ng/testis/3 days or fold change relative to control. In vitro organ culture of JONES ET AL.
testes from PND3-untreated rats was performed in the presence of either 0.2% dimethyl sulfoxide (DMSO) serving as the control, GEN, MEHP, or GEN þ MEHP at 10 lM. A paradigm similar to that described above was followed, with T measured by RIA. After organ cultures, testis fragments were collected, fixed, and sent for embedding and cutting. Histological and morphological alterations were evaluated following hematoxylin and eosin counterstaining.
Statistical Analysis
All the statistical analysis was performed using unpaired two-tailed t-test with statistical analysis functions in GraphPad Prism version 5.0 software (GraphPad Inc.). Asterisks indicate a significant change relative to control (P 0.05).
RESULTS
In Utero GEN Exposure Antagonizes Proandrogenic Effects of DEHP in Young Male Offspring
Litters of treated dams did not display any abnormalities in pup number or sex ratio (data not shown). Examination of PND3 and PND6 body weights (Fig. 1A ) and testes weights (data not shown) revealed no significant differences between control and treated animals. Anogenital distances (AGD) normalized to body weight (Fig. 1B) were significantly reduced uniquely in PND3 GEN but not DEHP or combined GEN and DEHP offspring, suggesting early feminizing effects. Initial alterations in AGD were resolved with age, however, because no significant alterations were observed at PND6 in any treatment group. The overall tissue morphology appeared normal (data not shown).
The qPCR analysis of PND3 and PND6 testes revealed a significant decrease in Cyp11a1 ( Fig. 2A ) only in combined GEN and DEHP-treated PND3 testes. Two other steroidogenenic mediators, Hsd3b (Fig. 2B) and Ar (Fig. 2C ), were increased uniquely in PND3 DEHP-treated animals, suggesting an early proandrogenic effect of DEHP that is resolved by cotreatment with GEN. Similar trends were not observed in PND6 testes, with Ar ( Fig. 2C ) being the only significantly increased gene, unique to GEN-treated offspring. Alterations in PND3 Hsd3b mRNA were further validated at the protein level by immunohistochemistry and subsequent quantitative image analysis (Fig. 2, D and E). Consistent with gene expression data, HSD3B stained strongest in the interstitial Leydig cells of DEHP-treated PND3 testis (Fig. 2D ). Quantitative image analysis of interstitial HSD3B also revealed a significant increase only in PND3 DEHP-treated offspring relative to control (Fig. 2E ).
PND3 testes basal and hCG-stimulated androgen production were evaluated using ex vivo organ culture (Fig. 3) . Testosterone measurement demonstrated no significant alterations in any treatment group compared to control (Fig. 3A) . Testes from all treatment groups responded well to hCG stimulation, with no significant alterations or obvious trends (Fig. 3B) .
To decipher between direct effects on testis and effects involving the hypothalamus-pituitary-testis axis, untreated PND3 testes were exposed in vitro over 3 days to medium, DMSO (0.2%), GEN, MEHP (the principal bioactive metabolite of DEHP), or combined GEN and MEHP, both at 10 lM, a concentration within the range of reported human blood levels [42] [43] [44] [45] (Fig. 3C ) under basal conditions. Consistent with the observed in vivo proandrogenic gene expression data, MEHP significantly stimulated PND3 testes T production in vitro, an effect that was attenuated by combination treatment 
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with GEN. Interestingly, histological analysis of paraffin sections from the cultured testes fragments also revealed the presence of large multinucleated germ cells (MGCs) uniquely in the seminiferous tubules treated with 10 lM MEHP (Fig.  3D ).
Further qPCR analysis of PND3 and PND6 testes was conducted to evaluate the impact on Sertoli cell, proliferation, and early germ cell markers (Fig. 4) . The Sertoli cell marker Wt1 and the Sertoli/Leydig progenitor marker Nestin (Fig. 4 , A-C) were significantly increased uniquely in PND3 DEHPtreated offspring. By contrast, the marker of Sertoli cell differentiation Abp was reduced in DEHP-exposed PND6 pups, an effect partially corrected in pups exposed to GEN þ DEHP mixture. Early germ cell markers Plzf and Foxo1 (Fig. 4, D and E) displayed a similar trend, being significantly increased in PND3 DEHP but not GEN or combined GEN and DEHP. Interestingly, the marker of differentiating spermatogonia, Sohlh2, was significantly decreased in DEHP-exposed pups at PND6, an effect alleviated by combination with GEN (Fig.  4F) . The cell proliferation marker Pcna, was significantly increased uniquely in PND3 DEHP-treated offspring (Fig. 4G) .
In Utero Exposure to GEN and DEHP Up-Regulates Cellular Junction Markers in Early Postnatal Testes
The qPCR analysis of PND3 and PND6 testes revealed a stimulatory effect of the ED mixture on several gap, tight, and adherens junction markers (Fig. 5) . Gap junction marker Gja1 (Connexin 43) was significantly up-regulated in GEN and combined (GEN þ DEHP)-treated offspring at PND6, but not in animals treated with DEHP alone (Fig. 5A) . Similarly, tight junction maker Tjp1 (Fig. 5B) and several adherens junctions Cdh1, Cdh2, and Cdh3 (Fig. 5 , C-E) were increased uniquely by combined GEN and DEHP at PND6. Excluding a consistent up-regulation of Cdh3 in PND3 animals exposed to combined GEN and DEHP, no significant alterations or trends were observed for cellular junction markers immediately following exposure at PND3.
In Utero GEN Coexposure Antagonizes Prooxidant Cellular Stress of DEHP in Early Postnatal Testes
The qPCR analysis of PND3 and PND6 testes revealed a significant (2-to 3-fold) up-regulation of numerous downstream NRF2 antioxidant gene targets, including Nqo1, Sod2, Sod3, Trx1, Gsta1, and Cat (Fig. 6 , A-F) specifically in PND3 testes of DEHP-treated animals. This up-regulation was attenuated in PND3 testes of animals treated with combined GEN and DEHP and was not observed in GENtreated animals. No obvious trends for any antioxidant makers evaluated were observed in PND6 testes. Nqo1 gene alterations were further validated at the protein level by immunohistochemistry and subsequent quantitative image analysis (Fig. 7, A and B) : NQO1 protein stained strongest in the PND3 interstitial Leydig cells of DEHP-treated animals, an effect that was not present in animals receiving combined GEN and DEHP or GEN alone (Fig. 7A) . Quantitative image analysis of NQO1 also revealed a consistent, significant increase only in PND3 DEHP-treated offspring relative to control (Fig. 7B) . Lastly, consistent with antioxidant expression data, qPCR analysis of PND3 and PND6 xenobiotic transporters Abcb1b and Abcg2 (Fig. 7, C and D) revealed a significant up-regulation uniquely in PND3 DEHP-treated testes, suggesting a concerted effort to detoxify cells by physically eliminating chemical stressors. The effects of DEHP on the transporters were normalized in pups exposed to the GEN and DEHP combination.
DISCUSSION
Previous work from our laboratory demonstrated that gestational exposure (GD14 to parturition) to combined 10mg/kg/day GEN and DEHP induces long-term alterations in testis function and gene and protein expression of critical germ and somatic cell markers [27] . This dose corresponds to 1.6-2.0 mg/kg/day in human equivalents, after conversion using the body surface area normalization method [41] . Under normal conditions, human exposure to GEN and DEHP ranges from 0.01 to 0.2 mg/kg/day and 0.003 to 0.03 mg/kg/ day, respectively. Neonates fed soy-based infant formula or undergoing medical intervention however, can experience levels that are 10-to 100-fold higher than the general population [23, 25, [42] [43] [44] [45] [46] . In search of mechanistic clues for the previously observed long-term effects in testis, we hypothesized that GEN and DEHP would target the early postnatal precursors of adult somatic and germ cells by altering similar genes/pathways in these cells and that the mixture of the two EDs would have stronger effects than single compounds. The present results showed that this is not the case.
Unexpected Gene Profile Alterations in Response to DEHP, but Not GEN, or Their Combination
PND3 and PND6 gross measurements revealed a significant decrease in PND3 AGD of GEN-exposed animals, suggesting possible feminizing effects in response to this soy-derived phytoestrogen. An intriguing effect of GEN was its consistent induction of Ar expression between PND6 and adulthood. Interestingly, GEN has been reported to exert a biphasic effect on Ar expression in prostate cancer cells, inducing its expression at 0.5-5 lM and inhibiting it at 25-50 lM [47] . Thus, it is possible that a similar process takes place in testis. No other significant gene expression or protein
FIG. 2. Effects of in utero exposure to genistein (GEN) and DEHP on steroidogenic mediators. Relative mRNA expression of steroidogenic enzymes
Cyp11a1 (A) and Hsd3b (B), and androgen receptor (Ar) (C) in PND3 and PND6 testes. Data are expressed as mean relative mRNA levels 6 SEM normalized to alpha-tubulin (n ¼ 4 per treatment). To further validate mRNA alterations, immunohistochemical analysis of HSD3B (D) was performed on PND3 testes and positive interstitial staining was quantified by image analysis (E); photos taken at 403 magnification. Immunohistochemical quantification is represented by mean fold change 6 SEM of HSD3B staining relative to control (n ! 3). Omission of the primary antibody was used as a negative control (data not shown). Representative pictures are presented. Asterisks in both mRNA and protein analyses indicate a significant difference relative to control (P 0.05); C, control; G, GEN; D, DEHP; G þ D, GEN þ DEHP.
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alterations were found in GEN-treated offspring for the endpoints evaluated. Paradoxically, the effects of GEN on AGD were normalized in rats treated in utero with combined GEN and DEHP, a previously reported antiandrogen [48] . The expression of genes altered in adult testes by fetal exposure to the mixture revealed different gene profiles in neonatal testes. Noticeably, exposure to DEHP, but not GEN and DEHP mixture, induced a significant up-regulation of Hsd3b and Ar, whose expression was previously shown to be induced by T [49] . Concomitantly, DEHP up-regulated the expression of the Sertoli cell marker Wt1, early germ cell markers (Plzf, Foxo1), and proliferation marker Pcna, which at these early ages reflects the behavior of Sertoli, germ, and myoid cells [50] , suggesting a general stimulatory effect of DEHP on neonatal testis development. Our finding that the transcript of Nestin, an intermediate filament protein found in Sertoli and progenitor Leydig cells [51, 52] , was increased in DEHPexposed rats is reminiscent of an earlier study where we found that in utero exposure to higher DEHP doses (! 250 mg/kg/ day) increased nestin expression in fetal Leydig cells right before birth [53] . Interestingly, these DEHP-induced effects were normalized by adding GEN, implying that GENactivated pathways opposed those triggered by DEHP in neonatal testes.
At PND6, the decreased expression of the Sertoli cell differentiation marker Abp [54] and the differentiating spermatogonia marker Sohlh2 [55] in DEHP-exposed rats only suggested that DEHP had altered the differentiation program of FIG. 3 . Effects of in utero and in vitro exposure to genistein (GEN) and DEHP on PND3 testes T production. Ex vivo testis organ culture was performed over 3 days in basal (A) or hCG-containing (B) medium using PND3 testes from in utero treated offspring. C) Control (untreated) PND3 testes were also treated in vitro over 3 days with either plain medium (control), vehicle (0.2% DMSO), 10 lM GEN, 10 lM MEHP, or combined 10 lM GEN þ MEHP. Testosterone levels in supernatant medium for both ex vivo and in vitro organ cultures were determined by radioimmunoassay (RIA) and expressed in ng/ testes. Graphs represent the sum of T produced over 3 days (supernatant collected once daily). Asterisk indicates a significant difference relative to control (P 0.05, n ¼ 4). To assess histological alterations, testes from ex vivo (data not shown) and in vitro organ cultures (D) were collected for processing and hematoxylin and eosin staining (photos taken at 1003 magnification). Arrow indicates multinucleated germ cell. Representative pictures are presented; C, control; G, GEN; D, DEHP; G þ D, GEN þ DEHP.
juvenile Sertoli and germ cells. Moreover, Cyp11a1, the enzyme responsible for cholesterol conversion to pregnenolone, was decreased uniquely by combined GEN and DEHP, indicating a selective targeting of specific steroidogenic mediators by the ED mixture.
Despite the significant up-regulation of androgen-related genes by DEHP at PND3, ex vivo T production was not altered, potentially reflecting the functional recovery of testis fragments after 3 days in culture without DEHP, similarly to the normalization of gene expression observed in PND6 rats.
By contrast, direct treatment of unexposed PND3 testis fragments over 3 days with 10 lM MEHP, a concentration in the range of those measured in human blood under specific conditions [46, 56] , revealed a proandrogenic effect of MEHP, which was attenuated by combining GEN with MEHP, matching in vivo PND3 expression data. These results contrast with previous studies where the same window of DEHP exposure using higher doses showed reduced basal and hormone-induced T production for !100 and !900 mg/ kg/day DEHP, respectively, suggesting differential DEHP 
sensitivity of basal and hormone-induced steroidogenesis mechanisms [35] . Moreover, studies using testis organ cultures from GD14-GD16 fetuses reported the suppression of basal T production by high doses of dibutyl phthalate and an inhibitory effect of MEHP, but stimulatory effect of DEHP, on basal and LH-stimulated T production, implying that MEHP and DEHP have direct modes of action on fetal Leydig cells [57, 58] . Immunohistochemical analysis of NQO1 was performed on PND3 testes (A) and positive staining was quantified by image analysis (B) (photos taken at 403 magnification). Immunohistochemical quantification is represented by mean fold change 6 SEM of NQO1 staining relative to control (n ! 3). Omission of the primary antibody was used as a negative control (data not shown). Representative pictures are presented. Relative mRNA expression of xenobiotic transporters Abcb1b (C) and Abcg2 (D) in PND3 and PND6 testes. Data are expressed as mean relative mRNA levels 6 SEM normalized to alpha-tubulin (n ¼ 4 per treatment). Asterisks in both mRNA and protein analyses indicate a significant difference relative to control (P 0.05); C, control; G, GEN; D, DEHP; G þ D, GEN þ DEHP.
Occurrence of MGCs In Vitro
A recent study using organ cultures of human fetal testes incubated with 100 lM 14 C-MEHP determined that similar concentrations were present in the medium and testis fragments after 24 h [59] , suggesting that intratesticular MEHP levels were close to the 10 lM added in PND3 testis cultures, where abnormal MNGs were observed in vitro in the present study. Considering these data, together with the facts that in vivo MNGs were observed in rats treated in utero with !500 mg/kg/ day DEHP, and that 10 mg/kg/day DEHP would elicit blood levels ;1 lM [60] , the absence of MNGs in neonatal testes from rats treated in utero with 10 mg/kg/day DEHP is not surprising. Nonetheless, MNG formation is a phthalate-induced in vitro phenotype consistent across rat, mouse, and human fetal testis and independent of hormone alterations [57, 61, 62] . Although this phenotype still remains poorly understood, selective targeting of critical cellular junctions has been proposed as a mechanism contributing to endocrine-dependent or -independent phthalate reproductive toxicity [63, 64] .
In the adult, dynamically regulated tight junctions between Sertoli cells form a functional blood-testis barrier that physically divides basal and apical compartments of the seminiferous epithelium, creating a microenvironment that allows the maturation and movement of dividing germ cells [65] [66] [67] [68] [69] [70] . Although no MNG was observed at the dose used in the current in vivo study, combined GEN and DEHP significantly up-regulated PND6 testis mRNA levels of several cellular junction-related genes, including cadherins (Cdh1 and Cdh2), tight junction protein 1 (Tjp1), and gap junction gene Gja1. Interestingly, an up-regulation of N-cadherin and catenins was also reported in rats displaying testicular atrophy and degeneration of the seminiferous epithelium following high-dose DEHP treatment [71] . Inhibition or up-regulation of adhesion proteins by combined GEN and DEHP during early testis development may be related to long-term reproductive toxicity and be a contributing factor to the observed MNG phenotype in vitro. Further research is necessary to determine the cell specificity of junctional changes and their implications, and potential relationship with phthalate-induced MNGs, in which organ culture may serve as a valuable toxicological tool.
Are Reactive Oxygen Species Involved in DEHP Biphasic Effect?
The in vitro data suggest that MEHP stimulates T production, a process abrogated by GEN cotreatment. Other studies have reported nonmonotonic or biphasic effects of EDs, including phthalates. Rats treated gestationally (GD2-GD20) with DEHP had increased T at 10mg/kg/day and decreased T at higher doses [72] . Nonmonotonic effects of DEHP on fetal T were also observed at GD20 and in vitro following MEHP treatment [73] [74] [75] . Several studies point to the involvement of reactive oxygen species (ROS) in modifying Leydig mitochondrial function: low concentrations of H 2 O 2 and MEHP increased ROS, T production, and STAR/CYP11A1 activities in isolated rat Leydig cells, an effect that was attenuated by cotreatment with the antioxidant vitamin C [76] . Interestingly, high concentrations of H 2 O 2 and MEHP had a suppressive effect on T production and steroidogenic enzyme activity, suggesting a biphasic effect of ROS on androgen production. Although not fully understood, research using MA-10 Leydig cells demonstrated a potential role for ROS in cAMP-mediated modulation of cellular signaling pathways, an effect that was attenuated by an uncoupler of oxidative phosphorylation [77] . Alternatively, or perhaps in parallel, evidence suggests that oxysterols generated in part by an oxidative cellular environment can regulate STAR expression and also serve as ligands for liver x nuclear receptors (LXR), critical mediators of steroid and lipid metabolism and male reproductive function [78, 79] .
Does GEN Protect Against DEHP Mediated Cellular Stress?
Although we have been investigating GEN in the context of a phytoestrogen with potential endocrine-disrupting properties, GEN is also a relatively promiscuous compound with broad biological interactions, including PPAR activation, modulation of signaling molecules, as well as direct or indirect antioxidant action [28, 30] . It is therefore plausible that GEN may attenuate DEHP-mediated oxidative stress during the fetal period independently of the long-term effects of GEN and DEHP on male reproductive development.
To test this ROS hypothesis in PND3 and PND6 animals, gene and protein expression profiles of several downstream targets of the KEAP1/NRF2-mediated antioxidant response element were examined [80] . In the event of oxidative environment changes, stress-sensing cysteine in cytoplasmic KEAP1 results in a conformational change and subsequent dissociation and migration of NRF2 to the nucleus, activating a battery of antioxidant and detoxifying gene targets intended to restore cell homeostasis.
Quantitative real-time PCR analysis revealed a significant up-regulation of downstream Nrf2 antioxidant and detoxifying gene targets, including Nqo1, Sod2, Sod3, Gst, Trx, and Cat, specifically in PND3 testes of DEHP-treated rats. Cotreatment with GEN attenuated these effects, suggesting a protective effect of GEN in neonatal testes. The DEHP-induced oxidative stress responses were no longer visible at PND6, implying that the prooxidant effects of DEHP occurred only in the presence of the chemical or its metabolite MEHP in the tissues, in agreement with pharmacokinetic studies reporting that the total elimination of DEHP/MEHP and GEN can take 5-7 days [81] . Our data concur with previous studies reporting changes in oxidative stress genes in fetal testes exposed to various phthalates [82] . Immunohistochemical and quantitative image analysis indicated that DEHP-induced NQO1 up-regulation occurred primarily in interstitial Leydig cells, fitting with the observed phenotype and ROS hypothesis, given the close proximity of these cells to interstitial macrophages and endothelial cells of blood vessels trafficking toxicants.
In addition to detoxifying enzymes and the blood-testis and blood-epididymal barriers created by tight junction proteins at later ages, specialized xenobiotic efflux transporters actively regulate the type and quantity of compounds entering the male reproductive tract. Several members of the ATP-binding cassette (ABC) family of energy-dependent efflux transporters, including ABCB1A/B (P-GP), ABCBG2 (BCRP), and ABCC1 (MRP1), are expressed in testicular germ, Sertoli, Leydig and endothelial cells, epididymal principal cells, and maturing spermatozoa [83] [84] [85] [86] [87] . In our study, the xenobiotic transporters Abcb1b and Abcg2 were significantly up-regulated in PND3, but not PND6, testes of DEHP-exposed rats, suggesting a concerted effort to detoxify the cells by physically eliminating chemical stressors. Interestingly, DEHP and MEHP are not known substrates for these xenobiotic transporters. However, oxidative stress can up-regulate ABCB1, ABCG2, and ABCC1 expression via NRF2, P53, and NFKB pathways [88] [89] [90] . DEHP has also been proposed as a potential chemosensitizer, capable of modifying drug entry in multidrug resistant tumors [91] . BRCP À/À mice displayed increased bioavailability and plasma levels of GEN metabolites and accumulation of several phytoestrogens in testis and epididymis, suggesting an NEONATAL EFFECTS OF GENISTEIN AND DEHP ON TESTIS important role in GEN toxicokinetics [85, 92] . Our results therefore reaffirm an important role for xenobiotic transporters in mediating testicular bioavailability and detoxification, endpoints that are often overlooked and warrant more investigation.
The results of the present study were somewhat unexpected because they identified DEHP as the main inducer of changes in neonatal testis and GEN as a protective agent. This contrasts with the effects observed in adult testis, where fetal exposure to the mixture of DEHP and GEN induced deleterious long-term effects in various testicular cell types, and GEN acted with DEHP to induce effects unique to their mixture. Although much of the literature has focused on EDs in relation to androgen suppression, research suggests that any deviation from normal hormonal programming, including androgen upregulation or altering the balance of androgens and estrogens, can have profound consequences on male reproductive development [20, 93, 94] . To our knowledge, this is the first in vivo study to provide mechanistic insight into low-dose DEHP-induced early responses and the differential effects of GEN and DEHP mixture at doses below their known thresholds of toxicity.
We propose a mechanism by which GEN, through its antioxidant action, normalizes the ROS-mediated and proandrogenic effects of DEHP in early postnatal testes. Thus, cotreatment of antioxidants devoid of endocrine-disrupting side effects may help attenuate DEHP-mediated alterations during the fetal and neonatal periods. Paralleling our findings, lowdose GEN antagonized the neonatal germ cell toxicity of vinclozolin, an antiandrogenic food contaminant, while conversely exacerbating adult toxicity in a synergistic manner [95, 96] . It is likely that GEN long-term effects are not related to its antioxidant properties, but rather to its estrogenic properties, because protection against PND3 oxidative stress did not prevent long-term effects.
Discrepancies between acute and delayed long-term effects may be related to the nonmonotonic nature of the effects. The latent effects of our mixture may be independent of hormonal or testicular environment aberrations triggered at much higher doses. Longitudinal effects likely reflect permanent alterations in early versions or progenitors of the testicular cells affected in adulthood. For example, adult Leydig cells are derived not from fetal Leydig cells but rather from neonatal mesenchymal precursors [18, 19] . Similarly, damages of primordial germ cells and gonocytes in utero can lead to disrupted spermatogenesis in adulthood [14, 15, 97] . GEN and DEHP may have epigenotoxic effects in early fetal development that affect the developmental progression of key testicular cell types. Thus, future work will focus at identifying correlative epigenetic alterations, such as DNA methylation and histone modifications, between fetal precursors and adult cell types that may be driving long-term toxicity.
Finally, this study highlights how short-term studies of GEN and DEHP testicular effects cannot predict their long-term effects. The notion that these EDs do not follow classical doseresponse effects with consistent mechanisms of toxicity from perinatal ages to adulthood further stresses the importance of assessing impacts across a range of doses during appropriate windows of exposure and at different ages. We feel that these findings raise pertinent questions for regulatory agencies performing chemical risk assessments and determining acceptable exposure levels.
